To describe the electrocardiographic (ECG) and echocardiographic manifestations of the paediatric athlete's heart, and examine the impact of age, race and sex on cardiac remodelling responses to competitive sport. Design Systematic review with meta-analysis. Data sources Six electronic databases were searched to May 2016: MEDLINE, PubMed, EMBASE, Web of Science, CINAHL and SPORTDiscus. Inclusion criteria (1) Male and/or female competitive athletes, (2) participants aged 6-18 years, (3) original research article published in English language. Results Data from 14 278 athletes and 1668 nonathletes were included for qualitative (43 articles) and quantitative synthesis (40 articles). Paediatric athletes demonstrated a greater prevalence of training-related and training-unrelated ECG changes than non-athletes. Athletes ≥14 years were 15.8 times more likely to have inferolateral T-wave inversion than athletes <14 years. Paediatric black athletes had significantly more training-related and training-unrelated ECG changes than Caucasian athletes. Age was a positive predictor of left ventricular (LV) internal diameter during diastole, interventricular septum thickness during diastole, relative wall thickness and LV mass. When age was accounted for, these parameters remained significantly larger in athletes than non-athletes. Paediatric black athletes presented larger posterior wall thickness during diastole (PWTd) than Caucasian athletes. Paediatric male athletes also presented larger PWTd than females. Conclusions The paediatric athlete's heart undergoes significant remodelling both before and during 'maturational years'. Paediatric athletes have a greater prevalence of training related and training-unrelated ECG changes than non-athletes, with age, race and sex mediating factors on cardiac electrical and LV structural remodelling.
1 structural and functional cardiac adaptations, 2 collectively referred to as the 'athlete's heart'. It is also well documented that race and sex significantly impact these manifestations of the adult athlete's heart. 3 4 While previous systematic reviews and meta-analyses have detailed the adult athlete's heart phenotype, 2 5 with some accounting for race and sex, 6 7 data from paediatric (6-18 years) athletic populations are limited to original research, often restricted by inadequate sample sizes and heterogeneity to assess the impact of age, race and sex in tangent.
Sports academies are increasingly used by clubs and governing bodies alike to develop and nurture talented sports stars of the future. Consequently, there is increasing competitiveness, professionalism and training demands placed on the paediatric athlete during the maturational period. The International Olympic Committee, among others, has called for more diligence to safeguard the physiological development of the paediatric athlete. [8] [9] [10] Performing a cardiac preparticipation evaluation (PPE) within paediatric populations is controversial due to a lack of international consensus with regard to when, how and who should undertake such examinations. 11 12 While data from the USA indicate that paediatric black athletes are particularly susceptible to sudden cardiac death (SCD), 13 there is a general lack of understanding as to which factors (eg, physical growth, race and sex) have the potential to increase the likelihood of generating a false-positive diagnosis and unnecessary disqualification from competitive sport. Consequently, the distinction between paediatric athlete's heart and cardiac pathology associated with SCD is especially important for this population.
Therefore, the primary aim of this systematic review and meta-analysis was to describe the electrocardiogarphic (ECG), structural and functional manifestations of the paediatric athlete's heart compared with that of age-matched non-athletes. The secondary aims were to determine the impact of an athlete's chronological age, race and sex on cardiac remodelling responses to intensive competitive sport.
Review
2. 'Athlete' 3. 'Electrocardiography', 'Echocardiography', 'Magnetic Resonance Imaging' 4. 'European Society of Cardiology Criteria', 'Seattle Criteria', 'Ventricle', 'Atrium' and 'Septum' Terms within each concept were combined with the Boolean operator 'OR', and then concepts were combined with the 'AND' operator to produce the search strategy (online supplementary Appendix A). To supplement the electronic database searching, we hand searched reference lists of eligible articles, ePublication lists of key journals, and undertook citation tracking using Google Scholar (online supplementary Appendix B). All identified articles were imported into Endnote X4 for application of selection criteria (Thomson Reuters, California, USA).
Selection criteria
Titles and abstracts of potentially eligible articles were independently screened by two authors (GM and NRR) against the selection criteria. For articles where it was not immediately clear from the title and/or abstract whether they should be included, we obtained the full text for independent screening. Discrepancies were resolved via consensus discussion, with a third reviewer (MGW) consulted if consensus could not be reached.
Inclusion criteria were: (1) data reported for male and/or female competitive athletes, with or without comparison to non-athletes; (2) all participants were aged 6-18 years old at the time of assessment; and (3) an original research article published in English language. We defined a competitive athlete as: ' One who participates in an organised team or individual sport that requires regular competition against others as a central component, places a high premium on excellence and achievement, and requires some form of systematic (and usually intense) training'. 15 Participants not meeting this definition were classified as non-athletes. Articles were limited to English language owing to translation costs. Articles that did not document athlete age range were excluded because of the risk of including athletes >18 years. If ECG and/or echocardiographic outcome data were not reported, or if professional guidelines for data acquisition were not observed or cited, articles were also excluded.
Risk of bias assessment
We developed a 15-item risk of bias assessment checklist (online supplementary Appendix C), comprising items from Downs and Black's 'Assessment of Methodological Quality of Randomised and Non-Randomised Studies' checklist, 16 and a previously published athlete's heart meta-analysis checklist. 5 The purpose was to identify articles of low methodological quality that could bias results, 17 with articles achieving ≤50% of total possible appraisal score, excluded from quantitative synthesis. Two reviewers (GM and NRR) independently assessed all included articles. Discrepancies were resolved via consensus discussion, and consistency was measured using an interclass correlation coefficient (ICC 2,1 ).
Data extraction
All ECG and echocardiographic data were extracted by one reviewer (GM) using a predefined extraction form and reviewed by a second reviewer (NRR), with discrepancies resolved by consensus (online supplementary Appendix D). Data extraction included the calculated mean (SD) for continuous data and n for dichotomous data. If insufficient data were reported, corresponding authors were contacted to request additional data.
DATA MAnAgeMenT Demographics
Body surface area (BSA) 18 was extracted or manually calculated from the height and body mass reported in individual articles.
electrocardiography
The 2010 European Society of Cardiology (ESC) recommendations for interpretation of the 12-lead ECG in athletes were applied, dividing ECG patterns into group 1 training-related and group 2 training-unrelated patterns accordingly. 19 T-wave inversion (TWI) was classified if ≥1 mm and in ≥2 contiguous leads, localised as follows: anterior leads (V1-V3), extended anterior leads (V1-V4), inferior leads (leads II-aVF), lateral leads (V5-V6/I-aVL) and inferolateral leads (leads II-aVF/V5-V6/I-aVL). Deep TWI was defined as a negative T wave ≥2 mm in ≥2 contiguous leads (excluding leads III and aVR). ECG classification of left ventricular hypertrophy (LVH) was made according to the Sokolow-Lyon criteria. 20 Early repolarisation was defined as ST segment elevation (≥0.1 mV) and/or J-point elevation manifested either as QRS slurring or notching, in ≥2 contiguous leads.
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echocardiography Two-dimensional echocardiography data, where the American Society of Echocardiography paediatric guidelines were followed, were extracted. 22 23 On the basis of previous publications within the paediatric athlete's heart, participants with an LV wall thickness >12 mm were considered to have left ventricular hypertrophy (LVH). 24 Left ventricular mass (LVM) was calculated according to the formula of Devereux et al. 25 LV relative wall thickness (RWT) was calculated and expressed as a fraction: PWTd + IVSd/LVIDd, where PWTd is the posterior wall thickness during diastole, IVSd is the interventricular septum thickness during diastole and LVIDd is the left ventricular internal diameter during diastole. If IVSd was not reported, it was considered equal to PWTd.
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Data synthesis
Data were analysed using StatsDirect and Stata V.12 (Stata). Demographic data were analysed using arithmetic means. Pooled dichotomous data were analysed using random-effects proportion meta-analyses (as we expected significant statistical heterogeneity), and presented as odds ratios (ORs) or risk ratios (RRs) as appropriate. We only pooled data for variables with a minimum of three articles reporting on the variable. Pooled continuous data were presented as standardised mean differences (ie, effect size). The magnitude of pooled standardised mean differences was interpreted according to Cohen's guidelines, with small medium and large effects interpreted as ≥20%, ≥50% and ≥80%, respectively. 26 A p value of <0.05 was used to denote statistical significance.
Random-effects meta-regression (Kendall's non-parametric statistic) was used to explore and account for the impact of the covariates; age, race (black vs Caucasian) and sex (male vs female) on ECG and echocardiographic variables. Random-effects meta-regression analysis was deemed inappropriate when <10 articles were available for synthesis. 27 Subanalysis was used to explain the effect of the covariates: age (<14 years vs ≥14 years), race (black vs Caucasian), sex and where possible, the interaction of age (<14 years vs ≥14 years) was explored within race and sex. With regard to maturational age, 14 years was set according to the attainment of selected development landmarks in boys (mean age of peak Review height velocity=14; peak weight velocity=14.3; peak leg length velocity=14.4; 90% of adult stature=13.9; 95% of adult stature=14.9; genital stage IV=14.6; and pubic hair stage IV=15.1) 28 and the onset of menarche within females (13.2 years). 29 Data were combined as per the Cochrane guidelines. 30 If data were reported for the same participants in more than one article, the data were extracted from the article with the largest cohort size (with corresponding author's confirmation). If an article reported multiple follow-ups, data were extracted from the latest visit (ie, longest follow-up). When standard deviation (SD) was not reported, it was imputed from the average SD, 30 only using articles with ≥30 participants. To ensure that results were not subsequently biased, sensitivity analysis was conducted omitting imputed SD data. Statistical heterogeneity was examined using the I 2 index.
31
ReSuLTS
Literature search
The literature search identified 2030 potentially eligible articles, of which 972 were duplicates. After application of the selection criteria, 43 articles remained for qualitative analysis and 40 remained for quantitative analysis (figure 1).
Risk of bias assessment
There was substantial agreement (71% (95% CI 49% to 84%)) 32 between the reviewers for the risk of bias assessment (see online supplementary Appendix E). Most frequently, discrepancies occurred when assessing 'professional guidelines' and 'missing data' (77% (95% CI 61% to 68%)). Risk of bias scores ranged from 4 to 13 out of a maximum possible score of 15. No articles reported 'power analysis' or 'intra-observer reliability', with non-athlete 'activity levels' poorly described in 44%. Three articles were excluded [33] [34] [35] from quantitative synthesis due to low methodological quality.
Demographic data
Data from 14 278 athletes (mean age 13.8±1.3 years (range: 6-18)) and 1668 non-athletes (mean age 12.6±0.6 years (7-18)) were extracted from 43 articles. There were no differences in age or BSA between paediatric athletes and non-athletes. Athletes competed in 30 different sports, with football (soccer) predominating (33%). There were more males and Caucasians, but proportionately distributed among both athletes and non-athletes. In two articles, sex was not reported. 35 42 In 23 articles, race was not documented and in 29 articles maturational status was not reported 24 33-46 49 50 53 55-67 (table 1) .
Data management
Within the 40 articles that were quantitatively synthesised, 2 articles reported overlapping data from a group of 155 athletes, 58 62 2 articles reported overlapping data from a cohort of 158 athletes 43 44 and 2 articles reported overlapping data from a cohort of 900 athletes. 24 68 Four articles presented multiple follow-up data. 40 59 64 69 Adjustments were made, to account for this in the meta-analysis (supplementary Appendix F).
eCg characteristics
Paediatric athlete versus paediatric non-athlete Paediatric athletes had a significantly longer PR interval, and a significantly greater frequency of sinus bradycardia, first-degree atrioventricular (AV) block, incomplete right bundle branch block (IRBBB), voltage criteria for LVH and early repolarisation when compared with paediatric non-athletes (table 2). The prevalence of TWI ≥1 mm was similar between athletes and non-athletes (6.7% vs 5.9%). However, athletes were 12.7 times more likely to have deep TWI ≥2 mm in ≥2 contiguous leads (except leads III and aVR) than non-athletes (4.7% vs 0.3%). Athletes were 1.4 times more likely to have anterior TWI (6.5% vs 5.7%) and 1.5 times more likely to have extended 
Impact of paediatric athlete age
Paediatric athletes ≥14 years had a significantly longer QRS duration, and a significantly greater frequency of sinus bradycardia and voltage criteria for LVH than athletes <14 years ( 
Impact of age: paediatric athletes versus paediatric nonathletes
Age was a positive predictor of LVIDd, IVSd, PWTd, RWT and LVM in athletes and non-athletes (p≤0.001). After accounting for age, athletes had greater LVIDd, IVSd, RWT and LVM (p≤0.05) than non-athletes.
Impact of paediatric athlete age
Paediatric athletes ≥14 years had a significantly greater LVIDd (+13.5%), LVIDs (+15.9%), IVSd (+15.2%), PWTd (+21.3%), LVM (+38.7%), aortic root (+14.2%) and LAD (+15.6%) than athletes <14 years (table 6 ). With the exception of E/A ratio (+13.6% greater in athletes ≥14 years), there were no statistical differences with regard to left ventricle function.
Impact of paediatric athlete race
Black athletes had a significantly greater PWTd (+12.4%) and LAD (+13.4%) than Caucasian athletes (table 7) . Prevalence of LVH (LV wall thickness >12 mm) was 17.1 times greater among black (2 articles, n=319) than Caucasian athletes (3 articles; n=3318) (7.1% vs 0.4%).
Impact of paediatric athlete sex
Male athletes had a significantly larger IVSd (+9.2%) than female athletes ( Review greater among male (5 articles; n=4028) than female athletes (2 articles; n=432) (1.2% vs 0.4%).
DISCuSSIon
In the first systematic review with meta-analysis investigating the ECG, structural and functional manifestations of the paediatric athlete's heart, we found that (1) paediatric athletes had a greater prevalence of training-related and training-unrelated ECG changes than non-athletes; (2) while the overall prevalence of TWI remained similar, the distribution and magnitude differed; (3) paediatric athletes had larger echocardiographic-derived LV dimensions than non-athletes, even after accounting for age; (4) paediatric black athletes had increased levels of training and training-unrelated ECG findings (particularly TWI); and finally (5) paediatric black athletes had a greater prevalence of echocardiographic-derived indices of LVH compared with Caucasian athletes.
eCg characteristics of the paediatric athlete
This study confirms that regular and prolonged physical training is associated with a high prevalence of bradycardia, repolarisation changes, atrial enlargement and ventricular hypertrophy in paediatric athletes. 70 However, the magnitude, prevalence and distribution of such changes are dependent on the chronological age of the paediatric athlete. Similar to adult athletes, race impacted ECG remodelling in the paediatric athlete. 71 Black paediatric athletes had significantly more training-related 
TWI in the paediatric athlete: impact of age and race
Inverted T waves may represent the only sign of an inherited heart muscle disease even in the absence of any other features or before structural changes in the heart can be detected.
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Yet, until complete formation of adult ventricular mass, TWIs may persist across leads V1-V3 within the paediatric population, owing to right ventricular dominance. 72 Our findings from over 9000 paediatric athletes and over 800 paediatric non-athletes support this notion, with a relatively high, but similar prevalence of anterior TWI (V1-V3) observed in both athletes and non-athletes (6.5% vs 5.7%), respectively, suggesting that this is a maturational trait largely not resultant of athletic training. The slightly higher prevalence of anterior TWI in athletes versus non-athletes also suggests that regular exercise may exacerbate or prolong the presence of juvenile TWI. Nevertheless, paediatric athletes were 12.7 times more likely to present with deep TWI (≥2 mm) than non-athletes. Deep TWI (≥2 mm) in the precordial leads is a major concern as these ECG alterations are a recognised manifestation of hypertrophic cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy. 73 TWIs are uncommon among adult Caucasian athletes. Conversely, African/Afro-Caribbean black athletes have a higher prevalence of TWI as well as more striking repolarisation changes and magnitude of voltage criteria for LVH than Caucasian athletes of similar age and size participating in identical sports. 74 75 Similar to their adult counterparts, 76 we found that black paediatric athletes are 4 times more likely to exhibit any TWI and 36 times more likely to exhibit extended anterior TWI (V1-V4) than Caucasian paediatric athletes; 63 this likely represents a racial response to physiological adaptation to exercise rather than an effect of race alone, exacerbated by right ventricular dominance during pubertal years. 
Review When is anterior TWI normal?
Recently updated international recommendations for 12-lead ECG interpretations in athletes [76] [77] [78] recommends that TWI ≥1 mm in depth in two contiguous anterior leads (V2-V4) is abnormal (with the exception of TWI confined to leads V1-V4 in black athletes and leads V1-V3 in all athletes aged<16 years) and should prompt further evaluation for underlying structural heart disease. Our data support this recommendation, demonstrating a significantly reduced prevalence of anterior TWI (V1-V3) in athletes ≥14 years likely as a consequence of maturation. Based on current evidence, TWI in the anterior leads (V1-V3) in paediatric athletes <14 years of age (or prepubertal athletes) should not prompt further evaluation in the absence of symptoms, signs or a family history of cardiac disease.
Our data also support the observation that, like their adult counterparts, paediatric black athletes were 3 times more likely to have anterior TWI (V1-V3) and 36 times more likely to have extended anterior TWI (V1-V4) when compared with Caucasians. In adult black athletes, it is recognised that anterior TWI is a normal variant when preceded by J-point elevation and convex ST segment elevation, 79 unlike in arrhythmogenic right ventricular cardiomyopathy where the J point and/or ST segment is usually isoelectric or depressed prior to TWI. Appreciating the J point and preceding ST segment may help differentiate between physiological adaptation and cardiomyopathy in athletes with anterior TWI affecting leads V3 and/or V4, and may prove to be especially useful in athletes of mixed race. A recent study compared black and Caucasian healthy athletes against hypertrophic cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy patients, all of whom had anterior TWI. Within athletes, the combination of J-point elevation ≥1 mm and TWI confined to leads V1-V4 excluded hypertrophic cardiomyopathy or arrhythmogenic right ventricular cardiomyopathy with 100% negative predictive value, regardless of race. 79 Conversely, anterior TWI associated with minimal or absent J-point elevation (<1 mm) may reflect a cardiomyopathy. Such detailed investigations have yet to be extended to the paediatric athletic population.
Inferior and/or lateral TWI warrants investigation
We were surprised by the high prevalence of inferolateral TWI in both black (8.5%) and Caucasian (1.3%) paediatric athletes. It is unlikely that all such athletes harbour a sinister cardiomyopathy and may represent a racial variant in black athletes. Despite this, lateral lead TWI should be viewed with caution. We recently investigated 155 athletes presenting with pathological TWI with clinical examination, ECG, echocardiography, exercise testing, 24 hours Holter ECG and cardiac magnetic resonance. 80 Cardiac disease was established in 44.5% of athletes (81% hypertrophic cardiomyopathy). Inferior and/or lateral TWI were the most commonly observed ECG abnormalities (83.9%) and were largely isolated findings without other ECG abnormalities (43.2%). In our experience, regardless of an increased frequency after 14 years and a higher prevalence in paediatric black athletes, inferolateral TWI should be considered pathological in all cases until proven otherwise. While exclusion from competitive sport is not warranted in the asymptomatic paediatric athlete without a family history of SCD and normal secondary examinations, annual follow-up is essential to ascertain possible disease expression.
LV morphology of the paediatric athlete
While most adult athletes have LV structural changes that are considered physiological, there are a small proportion who develop pronounced morphological changes that overlap with phenotypic expressions of cardiac pathology associated with SCD. Several groups have produced algorithms to aid in this differentiation. [82] [83] [84] Data for these algorithms primarily derive from 5 large echocardiographic studies 75 84-87 examining 5053 elite, predominately male adult athletes; 134 (2.7%) had a maximal wall thickness ≥12 mm (of which 27 (0.5%) athletes had a maximum wall thickness of ≥13 mm). In absolute terms and regardless of an athlete's BSA, the upper limit of physiological hypertrophy for adult male athletes is considered≥13 mm for maximal wall thickness and ≥65 mm for LVIDd.
Despite undergoing significant changes in anthropometry during maturation, paediatric athletes have significantly larger cardiac diameters, wall thicknesses and LVM than non-athletes even after adjusting for age. From 4460 paediatric athletes analysed, just 1.1% presented with a maximal wall thickness ≥12 mm, although a maximal wall thickness of 15 mm was documented in one study. A pooled mean LVIDd of 47 mm (<14 years: 44.2 mm vs ≥14 years: 51.1 mm) is similar to upper limits previously observed among patients with paediatric hypertrophic cardiomyopathy (48 mm). 88 Thus, such adult upper limit criteria may not be applicable to the paediatric athlete. Regardless of race, values above these should be viewed with suspicion in paediatric athletes, particularly if the athlete also presents with cardiac symptoms, a family history of SCD and/or an abnormal ECG. Given the widely recognised impact of chronological age and somatic growth on paediatric echocardiographic variables, it is our suggestion that Z scores (which account for the effects of body size and chronological age) are instead used for differential diagnosis when normative data are available, [90] [91] [92] as previously suggested within paediatric-specific echocardiographic guidelines.
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Impact of chronological age on LV remodelling
Cardiac enlargement increased with chronological age, as demonstrated by our meta-regression as well as by others, 92 and helps to explain the heterogeneity observed within this dataset. After accounting for age (using meta-regression), paediatric athletes had greater LV morphology than paediatric non-athletes, demonstrating the potent stimulus exercise has on cardiac structure. These changes appeared to be exaggerated during the pubertal growth stage, suggesting a potential role of hormonal factors in cardiac remodelling. 93 We recognise that while chronological age is a linear factor, growth and maturation are not, 94 and thus maturational status for children of the same chronological age can differ dramatically. 95 96 Yet, the assessment of maturational status was conducted among only 14 of the 43 (33%) articles included for qualitative synthesis, and relied largely on assessment by the Tanner Scale (79%), regarded to be inappropriate by many due to obvious child protection concerns. In our experience, clinical interpretation of cardiac PPE data should be governed by biological age rather than chronological age. According to the International Olympic Committee consensus statement on youth athletic development, 97 skeletal age is the most useful estimate of maturity status and can be used from childhood into late adolescence. However, this can only be confirmed by radiological hand-wrist imaging. Since this is not widely available in most cardiological units, alternative simple measures such as percentage of predicted mature (adult) height at the time of observation may provide an estimate of maturity status. 98 However, care is warranted, as (1) predicted mature (adult) height only demonstrates moderate concordance with classifications of maturity status, based on skeletal age, 99 100 and (2) historical height data of the patient is required to rule out sudden growth spurts.
Review Impact of race on LV remodelling
Data from the USA indicate that paediatric black athletes are particularly susceptible to SCD, 13 and therefore, the distinction between athlete's heart and cardiac pathology is of particular relevance in this group. Consistent with previous observations in adults, 75 101 102 we found that paediatric black athletes had increased LVH in response to chronic training loads compared with Caucasian athletes. This change is consistent with a concentric remodelling pattern. Furthermore, the likelihood of LVH was 17.1 times greater among black when compared with Caucasian athletes. We speculate that these race-specific manifestations of the athlete's heart are the result of haemodynamic influences, specifically greater peripheral vascular resistance and a smaller nocturnal decline in blood pressure.
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Impact of sex on LV remodelling
The last 3 decades have witnessed an exponential rise in the number of females participating in high-level competitive sport. 103 Consistent with observations among adults, 4 we found a reduced LVH response to chronic training loads in female athletes compared with males. This might be due to hormonal differences and lower testosterone concentrations. 104 However, the relative differences of sex across maturational years are yet to be fully elucidated among paediatric athletes. Females reach complete pubertal development at an earlier chronological age and thus we may expect such relative differences between female and male athletes to be smaller during the early stages of pubertal development.
Limitations
A high statistical heterogeneity (I 2 ) was observed; this may be because it was not possible to stratify data according to biological age, race or sex due to inconsistent methodology and designs implemented within the observational studies included. Because of this, a random-effects meta-analysis model was adopted to provide a more conservative pooled estimate. Activity levels of our non-athlete cohort are unknown and thus they may not actually be sedentary; however, in all cases, participants did not meet classification criteria for a competitive athlete.
While we used the 2010 ESC recommendations for interpretation of the 12-lead ECG, 19 at the time of publication, it was not intended to be used in athletes ≤12 years old. We recently observed that the 2014 'Refined Criteria' for ECG interpretation in athletes outperformed both the 2013 Seattle Criteria and the 2010 ESC recommendations, by significantly reducing the number of false-positive ECGs in Arabic, Black and Caucasian adult athletes while maintaining 100% sensitivity for serious cardiac pathologies. 105 Again, however, all three ECG criteria are only applicable for adult athletes and not paediatric athletes. Thus, for paediatric cardiac PPEs, the attending cardiologist or sports medicine physician is left with the conundrum of which criteria should be used for ECG interpretation. Recently, published International recommendations for ECG interpretation in athletes 77 do account for age and race, respectively. TWI in the anterior leads (V1-V3) in adolescent athletes <16 years of age (or prepubertal athletes) and black adult athletes with J-point elevation and convex ST segment elevation followed by TWI in V2-V4 would now not prompt further evaluation in the absence of symptoms, signs or a family history of cardiac disease. But in most non-black athletes age ≥16 years, anterior TWI beyond lead V2 would prompt further evaluation given the potential overlap with arrhythmogenic right ventricular cardiomyopathy.
Finally, echocardiographic data were largely limited to left ventricle structural variables, owing to insufficient data available for synthesis. Such limitations highlight the importance of further research in the paediatric athlete extending to other chambers of the heart, and beyond load-dependent measurements of cardiac function (ejection fraction or fractional shortening) towards tissue Doppler imaging and myocardial deformation (strain) imaging.
Conclusion
Similar to adult athletes, paediatric athletes had a greater prevalence of training-related and training-unrelated ECG changes than non-athletes. Significant cardiac remodelling in paediatric athletes occurs both before and during their 'maturational years', with race and sex significantly impacting on the pattern of remodelling observed. The results demonstrate the importance of adjusting for age when assessing LV morphology in paediatric athletes, while consideration of an athletes' race and sex is further required when differentiating between physiological and pathological cardiac remodelling.
What is already known?
► Chronic training loads are associated with a number of electrophysiological, structural and functional cardiac adaptations in adult athletes. ► Race and sex significantly impact on the cardiac remodelling of the adult athlete's heart. ► Paediatric athletes undergo significant growth and maturational changes, but unlike known musculoskeletal changes, there is limited information regarding how the heart may adapt to training before, during and after puberty.
What are the new findings?
► Paediatric athletes were up to 13 times more likely to have deep T-wave inversion (TWI) (≥2 mm) than age-matched non-athletes. ► Paediatric athletes ≥14 years of age were up to 16 times more likely to have inferolateral TWI (warranting further investigation) than athletes <14 years. ► Paediatric black athletes were up to 36 times more likely to have extended anterior TWI (leads V1-V4) than Caucasians. ► Even after accounting for age, left ventricular structural parameters were larger among paediatric athletes than paediatric non-athletes.
